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1
DIRECTION DETECTOR

TECHNICAL FIELD

The present invention relates to direction detectors and
more particularly to a direction detector that detects true
north using an angular velocity sensor.

BACKGROUND ART

Magnetic north is slightly shifted from true north, and
therefore true north cannot be detected by a magnetic
compass. However, administrative maps are produced based
on true north, and the Construction Standards Act is also
based on true north. Therefore, in the field of civil engineer-
ing and construction, true north must be measured correctly.
In underground tunnel construction, in particular, a magnetic
compass does not function correctly because of the effect of
a mineral vein or the like.

A conventional gyro compass that detects the earth’s
rotational angular velocity to determine true north has been
known as a true north detector that detects true north
correctly. Gyro compasses are generally orthogonal three-
axis type devices. The gyro compasses are large in size and
highly costly.

Single-axis or two-axis type gyro compasses have been
proposed in order to reduce the size and the cost. Most of
such gyro compasses however have a gyro sensor and an
acceleration sensor rotated on a rotation base. However, a
large space must be secured for its large rotation angle, and
this limits how compact the device can be. Most single-axis
type gyro compasses need a horizontal plane, which makes
it cuambersome to handle them. Single-axis type gyro com-
passes that do not need a horizontal plane have been
suggested. Their direction measuring accuracies are inferior
to those of three-axis type compasses.

Therefore, the applicant has suggested a six-direction
indicator that is a single-axis type device and does not need
a horizontal plane in the disclosure of JP 2012-112679 A.
The six-direction indicator takes account of a UVW rectan-
gular coordinate system in addition to an XYZ rectangular
coordinate system. The six directions, +U, -U, +V, =V, +W,
and —W are provided apart at intervals of 60 deg when they
are projected orthogonally on an YZ plane.

The six-direction indicator includes a shaft, a driving
source, a rotation member, and a guide member. The shaft
extends in the X-direction. The driving source rotates the
shaft around the X axis. The rotation member is rotatable
around an axis inclined at o deg with respect to the shaft and
coupled with the shaft. The rotation member includes a
spherical surface and an orbit portion formed around the
x-axis of the spherical surface. The guide member is fixed to
an XYZ rectangular coordinate system and in contact with
the orbit portion. The six-direction indicator takes account of
an xyz coordinate system fixed to the rotation member. The
xyz coordinate system rotates within the XYZ coordinate
system according to the rotation of the rotation member. The
orbit portion has such a shape that the y-axis of the rotation
member is directed in each of the +U, -U, +V, =V, +W, and
—W directions when the rotation member rotates in contact
with the guide member by the rotation of the shaft.

An angular velocity sensor and an acceleration sensor are
provided in the rotation member. The angular velocity
sensor detects an angular velocity around the y-direction.
The acceleration sensor detects a gravitational acceleration
around the y-direction. The six-direction indicator measures
a rotational angular velocity and a gravitational acceleration
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around the U, V, and W axes by directing the y-axis of the
rotation member sequentially in the directions of the +U,
-U, +V, -V, +W, and -W. An azimuth angle 1} is calculated
based on the measured rotational angular velocity and
gravitational acceleration.

It has been known that the angular velocity sensor outputs
an angular velocity that is not zero (offset) even though there
is no rotation generated around the detection axis. The offset
causes a measurement error in the rotational angular veloci-
ties around the U, V, and W axes. Therefore, the six-
direction indicator for example calculates the difference
between a rotational angular velocity measured when the
y-axis is directed in the +V direction and a rotational angular
velocity measured when the y-axis is directed in the -V
direction. In this way, the offsets included in the rotational
angular velocities for the +V axis and -V axis are canceled.

DISCLOSURE OF THE INVENTION

In the above-described six-direction indicator, an error
associated with the time constant of the angular velocity
sensor is generated and the error associated with the time
constant cannot be removed. This will be described specifi-
cally in the following.

When the rotation member rotates in contact with the
guide member as the shaft rotates, the rotation member
rotates not only around the inclined axis but also around the
y-axis. More specifically, while the y-axis of the rotation
member is moved in each of the +U, -U, +V, =V, +W, and
-W directions, the angular velocity sensor moves as it
rotates around the y-axis. The angular velocity sensor keeps
detecting an angular velocity in association with the rotation
of the y-axis while the y-axis moves. The angular velocity
sensor outputs an angular velocity on the order of several
degrees/second (several tens of thousand degrees/hour)
while the y-axis moves.

When the y-axis stops as it is directed in each of the +U,
-U, +V, =V, +W, and -W directions, the six-direction
indicator measures a rotational angular velocity around each
direction. The measured rotational angular velocity is about
15 degrees/hour. On the other hand, the output of the angular
velocity sensor when the y-axis moves is on the order of
several tens of thousand degrees/hour. The output level of
the angular velocity sensor therefore abruptly changes
before and after the y-axis is directed in a direction such as
the +U axis and stops. Therefore, the output of the angular
velocity sensor is affected by the time constant based on the
angular velocity output on the order of several tens of
thousand degrees/hour during the movement and continu-
ously increases (or decreases) until the measurement ends
after the y-axis stops. Therefore, the measured rotational
angular velocity includes an error associated with the time
constant.

The rotation direction of the rotation member around the
y-axis immediately before the y-axis is stopped changes
according to the rotation position of the shaft. The rotation
direction around the y-axis immediately before the y-axis is
stopped may be reversed in some cases between when the
y-axis is directed in the +V direction and when the y-axis is
directed in the -V direction. As a result, the characteristic of
an error associated with the time constant when the y-axis is
directed in the +V direction and the characteristic of an error
associated with the time constant when the y-axis is directed
in the -V direction are reversed. As described above, in
order to cancel an offset, the difference between a rotational
angular velocity in the +V direction and a rotational angular
velocity in the -V direction is calculated, but the error
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associated with the time constant is not canceled but added
during the calculation. Since rotational angular velocities
around the V axis include errors associated with the time
constant, the six-direction indicator cannot determine true
north correctly.

An object of the present invention is to provide a direction
detector that allows detection accuracy for true north to be
improved.

A direction detector according to the present invention
includes an angular velocity sensor, an attitude changer, and
a control device. The attitude changer rotates the angular
velocity sensor around a detection axis and changes an
attitude of the angular velocity sensor so that the detection
axis is directed in a predetermined measuring direction and
an opposite direction to the predetermined measuring direc-
tion. The control device controls the attitude changer. The
control device includes a first controller and a second
controller. The first controller controls the attitude changer
so that the angular velocity sensor rotates in a first rotation
direction around the detection axis before the angular veloc-
ity sensor starts to detect an angular velocity around the
predetermined measuring direction. The second controller
controls the attitude changer so that the angular velocity
sensor rotates in a second rotation direction opposite to the
first rotation direction around the detection axis, and, there-
after, the angular velocity sensor rotates in the first rotation
direction around the detection axis before the angular veloc-
ity sensor starts to detect an angular velocity around the
opposite direction.

According to the invention, characteristics of errors asso-
ciated with a time constant included in angular velocities
around the predetermined measuring direction and the oppo-
site direction can be matched. Therefore, the detection
accuracy for true north can be improved.

The control device preferably obtains a rotational angular
velocity around an axis along the predetermined measuring
direction by calculating a difference between an angular
velocity around the predetermined measuring direction
detected by the angular velocity sensor and an angular
velocity around the opposite direction detected by the angu-
lar velocity sensor.

In this way, the errors associated with the time constant
are canceled in the rotational angular velocity around the
axis along the predetermined measuring direction, so that
the detection accuracy for true north can be improved.

The attitude changer is preferably provided in an XYZ
rectangular coordinate system. The attitude changer includes
a shaft, a rotation member, a driving source, and a guide
member. The shaft extends in an X-axis direction. The
rotation member is provided rotatably around an axis
inclined at o deg with respect to the shaft and coupled to the
shaft. The rotation member has an xyz rectangular moving
coordinate system. The rotation member includes a spherical
surface and an orbit portion formed around an x-axis of the
spherical surface. The driving source is controlled by the
control device to rotate the shaft around the X axis. The
guide member is fixed to the XYZ rectangular coordinate
system and in contact with the orbit portion. The orbit
portion has such a shape that a y axis of the rotation member
is sequentially directed in positive and negative directions
along a U axis, a V axis, and a W axis crossing one another
at intervals of 60 deg around the X axis when the orbit
portion rotates in contact with the guide member by the
rotation of the shaft. The orbit portion has a zigzag shape
that includes four mountain-like portions raised in a positive
direction of the x axis and four valley-like portions raised in
the negative direction. The angular velocity sensor is
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attached to the rotation member so that the detection axis is
directed along the y axis. The predetermined measuring
direction and the opposite direction each match one of the U
axis, the V axis, and the W axis.

In this way, in the single-axis type direction detector, the
detection accuracy for true north can be improved.

When the angular velocity sensor detects an angular
velocity around an axial direction of one of the U axis, the
V axis, and the W axis, the control device preferably controls
the attitude changer so that the detection axis is directed in
the positive direction, the negative direction, and the posi-
tive direction of one of the axes in the mentioned order.
When the angular velocity sensor detects an angular velocity
around one of the axial directions, control by the second
controller is carried out a smaller number of times than
control by the first controller.

In this way, the attitude changer can be controlled by the
second controller less frequently, so that the time required to
detect true north can be reduced.

Preferably, when the detection axis is directed in the
positive direction of one of the U axis, the V axis, and the
W axis, the detection axis has a plus sign, while when the
detection axis is directed in the negative direction of one of
the U axis, the V axis, and the W axis, the detection axis has
a minus sign. When the shaft rotates clockwise as viewed
from a front of the direction detector, the rotation direction
of the shaft has a plus sign. When the shaft rotates coun-
terclockwise, the rotation direction of the shaft has a minus
sign. When the detection axis is directed in the positive
direction and the negative direction of one of the axes,
whether or not to control the attitude changer by the first
controller is determined based on a product of the sign of the
detection axis and the sign of the rotation direction.

In this way, the attitude changer can readily determine a
criterion on which the attitude changer is controlled by the
second controller.

A control program product according to the present inven-
tion is used in a direction detector according to the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a general overview of a direction detector
according to an embodiment of the present invention.

FIG. 2 is a perspective view of the inside structure of the
direction detector in FIG. 1.

FIG. 3 is a side view of an inclined crank mechanism and
its vicinity in the direction detector in FIG. 2.

FIG. 4 is a perspective view of a rotation member in FIG.
3.

FIG. 5 is a front view of the rotation member in FIG. 3.

FIG. 6 is a plan view of the rotation member in FIG. 3.

FIG. 7 is a side view of the rotation member in FIG. 3.

FIG. 8 is a rear view of the rotation member in FIG. 3.

FIG. 9 is a perspective view of a guide member in FIG.
2.

FIG. 10 is a view showing a positional relation between
the rotation member and each of the guide members in an
XYZ rectangular coordinate system.

FIG. 11 is a view showing a relation between the XYZ
rectangular coordinate system and a UVW coordinate sys-
tem.

FIG. 12 is another view showing a relation between the
XYZ rectangular coordinate system and the UVW coordi-
nate system.
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FIG. 13 is a schematic view showing a relation between
the XYZ rectangular coordinate system and an xyz rectan-
gular coordinate system when viewed in a +Y direction.

FIG. 14 is a front view of the rotation member provided
in a rotation starting position.

FIG. 15 is a view of the rotation member in the rotation
starting position as viewed in the +Z direction from the -7
direction.

FIG. 16 is a view of FIG. 14 as viewed in a direction 60
deg rotated clockwise around the X axis from the position
shown in FIG. 15.

FIG. 17 is a table showing a relation between the rotation
position of the shaft in FIG. 3 and the direction in which the
+y axis is directed in FIG. 13.

FIG. 18 is a table showing a relation between the rotation
position of the shaft in FIG. 3 and the rotation direction
around the +y axis in FIG. 13.

FIG. 19 is a functional block diagram showing a configu-
ration of a control device provided in the direction detector
in FIG. 1.

FIG. 20 shows an example of a rotation position control
table in FIG. 19.

FIG. 21 is a graph showing an example of change over
time in the angular velocity output of the angular velocity
sensor in FIG. 4.

FIG. 22 shows another example of change over time in the
angular velocity output of the angular velocity sensor in
FIG. 4.

FIG. 23 is a table showing a relation between the rotation
direction of the shaft in FIG. 3 and the signs of the U, V, and
W axes in FIG. 11.

FIG. 24 is a graph showing a result of measurement for
rotational angular velocities around the U axis and the V axis
in FIG. 11.

FIG. 25 is a flowchart for the control device in FIG. 19.

FIG. 26 is a flowchart for illustrating normal rotation
control processing in FIG. 25.

FIG. 27 is a flowchart for illustrating excess rotation
control processing in FIG. 25.

MODE FOR CARRYING OUT THE INVENTION

Now, an embodiment of the present invention will be
described in detail in conjunction with the accompanying
drawings. In the drawings, the same or corresponding por-
tions are designated by the same reference characters and
their description will not be repeated.

Structure of Direction Detector

FIG. 1 is a general overview of a direction detector 1
according to the embodiment. The direction detector 1
includes a tubular case 10.

FIG. 2 is a perspective view showing the inside structure
of the case 10 in FIG. 1. In FIG. 2, the case 10 is partly
indicated by a chain dotted line. Referring to FIG. 2, the
direction detector 1 further includes an attitude changer 100.
The attitude changer 100 is stored in the case 10 and
includes a driving source 3, an inclined crank mechanism 2,
and a plurality of guide members 4. The driving source 3 and
the plurality of guide members 4 are secured to the case 10.

The driving source 3 is disposed at a rear part of the case
10. The driving source 3 has a drive shaft 31 and rotates the
drive shaft 31 around the center axis of the drive shaft 31.
The driving source 3 is for example a motor. The kind of the
motor is not particularly specified. The motor may be for
example a stepping motor or an ultrasonic motor.

As shown in FIG. 2, the direction detector 1 is provided
within an XYZ rectangular coordinate system. More spe-
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6

cifically, the case 10 is fixed to the XYZ rectangular coor-
dinate system. The XYZ rectangular coordinate system is a
rectangular coordinate system in which X, Y, and Z axes
form an angle of 90 deg among one another. The case 10
allocates the X axis on the drive shaft 31 of the driving
source 3. According to the embodiment, the +X direction is
defined as a front side of the case 10 and the -X direction
as a rear side of the case 10. Also according to the embodi-
ment, the +Z axis is allocated to the vertical direction of the
case 10. The Y axis is allocated to the horizontal direction of
the case 10. According to the embodiment, the +Z direction
is defined as a lower side of the case 10 and the —Z direction
as an upper side of the case 10. The +Y direction is defined
as the left side as viewed from the front of the case 10 and
the -Y direction as the right side as viewed from the front
of the case 10. The driving source 3 and the guide members
4 are secured to the case 10. Therefore, the driving source 3
and the guide members 4 are fixed to the XYZ rectangular
coordinate system.

The inclined crank mechanism 2 is provided in the center
of the case 10. The inclined crank mechanism 2 is disposed
in front of the driving source 3.

Structure of Inclined Crank Mechanism 2

FIG. 3 is a side view of the inclined crank mechanism 2
and its vicinity in the direction detector 1 in FIG. 2. In FIG.
3, the case 10 is partly indicated by a chain dotted line.
Referring to FIG. 3, the inclined crank mechanism 2
includes a shaft 20 and a rotation member 21.

The shaft 20 is rotated by the driving source 3. The
rotation member 21 is coupled to the shaft 20 rotatably
around the inclined axis 220 inclined with respect to the
shaft 20. As shaft 20 rotates, the rotation member 21 rotates
around the inclined axis 220 while fluctuating up and down
with respect to the X axis. The inclined axis 220 crosses the
X axis at an inclination angle of a.

The shaft 20 includes a rod-shaped main body 201 and an
arm member 202. The main body 201 is provided on the X
axis. The main body 201 has a rear end coupled to the drive
shaft 31. Therefore, the main body 201 is driven by the
driving source 3 to rotate around the center axis of the main
body 201. The arm member 202 is provided at a tip end of
the main body 201.

The arm member 202 extends in a direction crossing the
X axis. According to the embodiment, the arm member 202
extends substantially orthogonally to the X axis and has its
upper end curved toward the front of the direction detector
1. The arm member 202 has its rear end attached to the main
body 201. The arm member 202 has its upper end coupled
to the rotation member 21.

Structure of Rotation Member 21

The rotation member 21 is provided in front of the shaft
20 and coupled with the shaft 20 through the arm member
202. The rotation member 21 includes a main body 210 and
an inclined shaft 211. The main body 210 is spherical and
has a storage chamber 212 having a front part opened. The
inclined shaft 211 is provided upright on a surface of the
rotation member 21. The inclined shaft 211 is further pro-
vided on the inclined axis 220. The inclined shaft 211 has an
upper end provided rotatably in a boss of the arm member
202. In this way, the rotation member 21 is attached rotat-
ably around the inclined axis 220 inclined at o deg with
respect to the main body 201 of the shaft 20.

FIG. 4 is a perspective view of the rotation member 21.
Referring to FIG. 4, the rotation member 21 further includes
a plurality of substrates 22, an angular velocity sensor 26, an
acceleration sensor 28, and a position sensor 25. The plu-
rality of substrates 22 are stored in the storage chamber 212.
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The plurality of substrates 22 are provided with gaps among
them in the up-down direction in FIG. 4. The angular
velocity sensor 26 is attached on the substrate 22 in the
uppermost stage. The acceleration sensor 28 is attached on
the substrate 22 in the middle stage. The locations to provide
the angular velocity sensor 26 and the acceleration sensor 28
are not particularly specified and may be on any of the
substrates 22.

The position sensor 25 is provided on the substrate 22 in
the lowermost stage. The position sensor 25 includes an
optical transmitter and an optical receiver. Referring to FIG.
3, a reflector 29 is provided at a lower part of the case 10.
When the direction detector 1 is viewed from the front, the
reflector 29 overlaps the Z axis. The optical transmitter in the
position sensor 25 outputs light to the outside of the rotation
member 21. When the rotation member 21 moves (rotates)
to a predetermined position by the driving source 3, light
emitted from the optical transmitter is reflected by the
reflector 29. When the reflected light is received by the
optical receiver in the position sensor 25, the position sensor
25 outputs a detection signal to a control device 30 that will
be described. By the above-described operation, the direc-
tion detector 1 can determine a rotation starting position of
the rotation member 21 by the position sensor 25.

Referring back to FIG. 4, the rotation member 21 further
has an xyz rectangular coordinate system. The xyz rectan-
gular coordinate system is fixed to the rotation member 21
unlike the XY7Z rectangular coordinate system. As shown in
FIG. 4, according to the embodiment, the +x direction is
directed toward the front of the rotation member 21. The +y
direction coincides with the detection axis of the angular
velocity sensor 26 and the detection axis of the acceleration
sensor 28.

As will be described, the +y direction is directed in
positive and negative directions along each of the U, V, and
W axes according to the rotation of the rotation member 21.
Therefore, the angular velocity sensor 26 detects an angular
velocity around the direction in which the +y direction is
directed. The acceleration sensor 28 detects a gravitational
acceleration in the direction in which the +y direction is
directed.

As described above, the xyz rectangular coordinate sys-
tem is fixed to the rotation member 21. On the other hand,
the XYZ rectangular coordinate system is fixed to the case
10. Therefore, as the rotation member 21 moves (rotates)
with respect to the XYZ rectangular coordinate system, the
xyz rectangular coordinate system also moves (rotates) with
respect to the XYZ coordinate system.

FIG. 5 is a front view of the rotation member 21. FIG. 6
is a plan view of the rotation member 21. FIG. 7 is a side
view of the rotation member 21. FIG. 8 is a rear view of the
rotation member 21. Referring to FIGS. 5 to 8, the main
body 210 has a spherical surface SS. The spherical surface
SS has an orbit portion OP. According to the embodiment,
the orbit portion OP is a groove formed at the spherical
surface SS. The orbit portion OP is formed around the x-axis
and has a plurality of mountain-like portions M1 to M4
having a ridge in the +x direction and a plurality of valley-
like portions V1 to V4 having a ridge in the —x direction. In
short, according to the embodiment, the orbit portion OP is
a zigzag-shaped groove that extends around the x-axis.
Referring to FIGS. 4 to 7, the opening of the storage
chamber 212 has a rectangular shape and the corners of the
shape correspond to the locations of the four valley-like
portions V1 to V4. In this way, the storage chamber 212 may
be formed to have a large capacity without overlapping the
orbit portion OP.

30

35

40

45

8

Referring to FIGS. 2 and 3, the plurality of guide mem-
bers 4 (4A to 4C) are secured to the case 10. The guide
members are each provided on the same YZ plane. FIG. 9 is
a perspective view of the guide member 4. Referring to FIG.
9, the guide member 4 includes a base 40 and a ball 41. The
ball 41 is attached rotatably at a lower end of the base 40.

FIG. 10 is a view showing a positional relation between
the rotation member 21 and the guide members 4 in the XYZ
rectangular coordinate system. Referring to FIG. 10, accord-
ing to the embodiment, the three guide members 4A to 4C
are fixed to the XYZ rectangular coordinate system. The
guide members 4A to 4C are provided at equal intervals
around the X axis. Stated differently, the guide members 4A
to 4C are provided at intervals of 120 deg around the X axis.
According to the embodiment, the guide member 4A is
provided on the Z axis (on the +Z direction side). The guide
member 4B is provided 120 deg rotated counterclockwise
around the X axis from the guide member 4A and the guide
member 4C is provided in a position 240 deg rotated when
viewed from the front of the direction detector 1.

The balls 41 of the guide members 4A to 4C are inserted
in the grooved orbit portion OP and contact the orbit portion
OP. The rotation member 21 is rotatably supported at the
case 10 by the guide members 4A to 4C. As the rotation
member 21 rotates, the balls 41 move on the orbit portion
OP. Therefore, the manner of rotation of the rotation member
21 depends of the shape of the orbit portion OP.

Relation Between UVW Coordinate System and XYZ
Rectangular Coordinate System

As described above, the direction detector 1 is provided
within the XYZ rectangular coordinate system. The embodi-
ment also takes account of a UVW rectangular coordinate
system. A relation between the XYZ rectangular coordinate
system and the UVW rectangular coordinate system is
shown in FIGS. 11 and 12. FIG. 11 is a view of a YZ plane
as seen in the —X direction from the +X direction, while FIG.
12 is a view of a ZX plane (a right side view of FIG. 11) as
seen in the +Y direction from the -Y direction. An elevation
angle formed between the U, V, and W axes and the YZ
plane is defined as o deg. More specifically, the inclination
angle a of the inclined axis 220 with respect to the shaft 20
coincides with the elevation angle. Furthermore, a crossing
angle formed by the U, V, and W axes among one another
is defined as .

The six axes, +U, -U, +V, -V, +W, and -W are always
provided apart at intervals of 60 deg on the YZ plane. More
specifically, referring to FIG. 11, the +U axis projected
vertically on the YZ plane matches the —Z axis. The -U axis
projected vertically on the YZ plane matches the +Z7 axis.
The -W axis projected vertically on the YZ plane forms an
angle of 60 deg with respect to the -7 axis. The +W axis
projected vertically on the YZ plane forms an angle of 60
deg with respect to the +7Z axis. The +V axis projected
vertically on the YZ plane forms an angle of 60 deg with
respect to +7 axis. The -V axis projected vertically on the
YZ plane forms an angle of 60 deg with respect to the -Z
axis. Among the six axes, +U, -U, +V, =V, +W, and -W axes
in FIG. 11, the axes in the dotted lines extend behind beyond
the surface of the sheet of FIG. 11 and the axes in solid lines
extend forward from the surface of the sheet of FIG. 11. The
elevation angle o is preferably from 30 deg to 40 deg, and
the most preferable elevation angle o=tan™'(1//2)=35.26
deg. The crossing angle 3 is most preferably 90 deg. In the
following description, o is 35.26 deg and p is 90 deg.

Also in the following description, in the xyz rectangular
coordinate system, the X axis on the +x side will be referred
to as the “+x axis” and the x axis on the —-x axis side will be
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referred to as the “~x axis.” The other axes will also be
defined in the same manner as the x axis. The axes in the
other coordinate systems (the XYZ rectangular coordinate
system and the UVW coordinate system) will be defined in
the same manner to the x-axis.

The origins of the XYZ rectangular coordinate system,
the xyz rectangular coordinate system, and the UVW rect-
angular coordinate system are all at the center point of the
main body 210 of the rotation member 21.

Operation of Direction Detector 1

The direction detector 1 measures rotational angular
velocities w,, ®; and wy, around each of the axes of the
UVW rectangular coordinate system and gravitational accel-
erations g,, g, and g, in the each axis direction. Then, the
direction detector 1 coordinate-transforms the measured
rotational angular velocities w,, ®, and wy, and gravita-
tional accelerations g;,, g;, and g, into rotational angular
velocities wy, m, and w, and gravitational accelerations g,
gy, and g in the XYZ rectangular coordinate system. The
direction detector 1 then produces an azimuth angle 1 based
on the rotational angular velocities w, wy and w, and the
gravitational accelerations gy, gy, and g,. In the direction
detector 1, the angular velocity sensor 26 and the accelera-
tion sensor 28 are fluctuated only by o deg with respect to
the YZ plane. Therefore, the rotation angle is small so that
a larger space required by a conventional direction measur-
ing device is not necessary.

When the rotational angular velocities w,,, @, and w,,
and gravitational accelerations g;,, gy, and g, in the UVW
rectangular coordinate system are measured, it is necessary
to cause the direction of the detection axis of the angular
velocity sensor 26 and the acceleration sensor 28 (the +y
axis according to the embodiment) to be directed in the
positive and negative directions of each of the U, V, and W
axes by the rotation of the rotation member 21.

When the rotation member 21 rotates in contact with the
plurality of guide members 4A to 4C by the rotation of the
shaft 20, the orbit portion OP has such a shape that the +y
axis of the rotation member 21 is sequentially directed in the
positive and negative directions of the U axis, V axis, and the
W axis.

Track of +y Axis when Rotation Member 21 Rotates

First, the track of the +y axis when the rotation member
21 rotates will be described.

To start with, a relation between the XYZ rectangular
coordinate system fixed to the case 10 and the xyz rectan-
gular coordinate system fixed to the rotation member 21 will
be described. FIG. 13 is a schematic view showing a relation
between the XYZ rectangular coordinate system and the xyz
rectangular coordinate system as viewed in the +Y direction.
Referring to FIG. 13, the x-axis coincides with the inclined
axis 220. Therefore, the angle formed by the x-axis and the
X axis is o deg. The y-axis is provided on the XZ plane
when the rotation member 21 is provided in a position
shown in FIG. 13. Referring to FIGS. 12 and 13, the +y axis
coincides with the +U axis when the rotation member 21 is
provided in the position shown in FIG. 13. In the following
description, the position shown in FIG. 13 is defined as the
rotation starting position of the rotation member 21. Note
that the position sensor 25 outputs a detection signal to the
control device 30 (see FIG. 19) when the rotation member
21 moves to the position in FIG. 13.

FIG. 14 is a front view of the rotation member 21 when
the rotation member 21 is provided in the rotation starting
position, in other words, a view as seen in the —X direction
from the +X direction. FIG. 15 is a view of the rotation
member 21 in the rotation starting position as seen in the +7.
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10
direction from the —Z direction. FIG. 16 is a view of FIG. 14
as seen from a direction rotated 60 deg clockwise around the
X axis from the position in FIG. 15.

The +y axis shown in FIGS. 14 to 16 has a rod shape.
Referring to FIGS. 14 to 16, the +y axis coincides with the
+U axis in the rotation starting position as described above.

As described above, when the rotational angular veloci-
ties w;, Wy, and wy and the gravitational accelerations g,
g, and g, in the UVW rectangular coordinate system are
measured, the direction detector 1 must direct the +y axis
that coincides with the detection axis of the angular velocity
sensor 26 and the acceleration sensor 28 in the positive and
negative directions of the U, V, and W axes by rotating the
rotation member 21.

In the example shown in FIGS. 14 to 16, the direction
detector 1 directs the +y axis in the order of the +U axis, -W
axis, +V axis, —U axis, +W axis, and -V axis (and +U axis).
At the time, the +y axis moves in the order of tracks R1, R2,
R3, R4, R5, and R6 (and to R1). Note that the order in which
the +y axis is directed in the positive and negative directions
ofthe U, V, and W axes is not limited to the above-described
order. As will be described, the +y axis may be directed in
the positive and negative directions of the U, V, and W axes
in a different order from the above.

FIG. 17 is a table showing a relation among the directed
direction of the +y axis, the rotation position of the shaft 20,
and the rotation amount of the +y axis around the X axis.
Referring to FIG. 17, the rotation position of the shaft 20
indicates the rotational angle of the shaft 20 as it rotates
counterclockwise around the X axis as viewed in the -X
direction with respect to the rotation starting position. The
rotation position of the shaft 20 is 0 deg when the rotation
member 21 is in the rotation starting position.

As the shaft 20 rotates from 0 deg to 1440 deg, the +y axis
is directed in the order of the +U axis, =W axis, +V axis, -U
axis, +W axis, and -V axis (and the +U axis). For example,
when the shaft 20 rotates from O deg to 240 deg counter-
clockwise as viewed in the —X direction, the +y axis moves
from the +U axis to the - W axis (see FIGS. 14 to 16). At the
time, the +y axis rotates 60 deg around the X axis. Similarly,
when the +y axis moves in the order of tracks R2, R3, R4,
R5, and R6, the shaft 20 rotates 240 deg and the +y axis
rotates 60 deg around the X axis.

Rotation of Rotation Member 21 Around +y Axis

When the +y axis moves toward the positive and negative
directions of the U, V, and W axes, the rotation member 21
rotates around the +y axis.

First, the reason why the rotation member 21 rotates
around the +y axis will be described. The rotation member
21 rotates around the inclined axis 220 (x-axis) according to
the rotation of the shaft 20. As the rotation member 21
rotates around the x-axis, the guide members 4A to 4C move
on the orbit portion OP. The orbit portion OP is a zigzag
groove that extends around the +x axis, the rotation member
21 rotates around the +y axis as the guide members 4A to 4C
move on the orbit portion OP. The rotation around the +y
axis means rotation movement around the y-axis as the
center axis. Therefore, when the +y axis moves in the
positive and negative directions of the U, V, and W axes, the
angular velocity sensor 26 outputs angular velocities accord-
ing to the rotation around the +y axis.

The rotation direction around the +y axis changes depend-
ing on the rotation position of the shaft 20. FIG. 18 is a table
showing a relation of how the rotation position of the shaft
20 corresponds to the rotation direction of the +y axis.
Referring to FIG. 18, the rotation direction of the +y axis
“CW?” indicates the clockwise direction as viewed in the -y
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direction, and “CCW” indicates the counterclockwise direc-
tion as viewed in the —y direction. The direction turning
point is the rotation position of the shaft 20 when the rotation
direction around the +y axis changes. The amount of con-
tinuous rotation is equal to the necessary amount of rotation
for the shaft 20 before the rotation direction around the +y
axis changes next.

When for example the +y axis moves from the +U axis to
the —-W axis (moves on the track R1), the rotation member
21 rotates counterclockwise around the +y axis as the shaft
20 rotates. Until the rotation position of the shaft 20 reaches
a direction turning point (120 deg) from the rotation starting
position, the rotation member 21 continues to rotate coun-
terclockwise around the +y axis. When the rotation position
of the shaft 20 exceeds 120 deg, the rotation around the +y
axis changes from counterclockwise to clockwise. The rota-
tion member 21 continues to rotate clockwise around the +y
axis until the +y axis is directed in the -W direction.

Thereafter, when the +y axis moves from the —W axis to
the +V axis (moves on the track R2), the rotation member 21
continues to rotate clockwise around the +y axis until the
rotation position of the shaft 20 reaches a direction turning
point (360 deg). When the rotation position of the shaft 20
exceeds the direction turning point (360 deg), the rotation
around the +y axis changes from clockwise to counterclock-
wise. The rotation member 21 continues to rotate counter-
clockwise around the +y axis until the +y axis is directed in
the +V direction.

When the +y axis moves along the tracks R3, R4, R5, and
R6, the rotation direction around the +y axis also changes
every time the rotation position of the shaft 20 reaches a
direction turning point. More specifically, the rotation direc-
tion around the +y axis changes every time the shaft 20
rotates 240 deg.

Note that when the shaft 20 rotates clockwise as viewed
in the -X direction, the rotation direction around the +y axis
is reversed from that in FIG. 18. When for example the shaft
20 is rotated clockwise and the +y axis is thus moved from
the —W axis to the +U axis, the +y axis first rotates in the
counterclockwise direction (CCW). Then, when the rotation
position is smaller than a direction turning point (120 deg),
the rotation around the +y axis changes to the clockwise
direction (CW).

The rotation direction around the +y axis changes when
the rotation position of the shaft 20 is equal to 120 deg, 360
deg, 600 deg, 840 deg, 1080 deg, and 1320 deg (the direction
turning points). When the rotation position of the shaft 20
reaches a direction turning point, any of the guide members
4 A to 4C passes the mountain-like portion M1 positioned in
the immediate vicinity of the crossing point PI (see FIG. 6)
between the +y axis and the spherical surface SS among the
mountain-like portions M1 to M4 and the valley-like por-
tions V1 to V4 of the orbit portion OP. At the time, the
moving direction of the guide members 4A to 4C with
respect to the rotation member 21 is reversed, the rotation
direction around the y-axis changes. More specifically, while
the detection axis (+y axis) of the angular velocity sensor
moves from a predetermined measuring direction (the +U
axis for example) to another measuring direction (the -V
axis for example), the rotation direction of the angular
velocity sensor around the detection axis (+y axis) changes.

Structure of Control Device 30

Referring to FIG. 19, the direction detector 1 further
includes the control device 30 including a computer and the
like. The control device 30 controls the attitude changer 100.
The control device 30 is connected with the angular velocity
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sensor 26, the acceleration sensor 28, and the position sensor
25 in the rotation member 21 by wired or wireless connec-
tion.

The control device 30 includes a driving source controller
32, a rotation position control table 33, a rotational angular
velocity measuring unit 36, a gravitational acceleration
measuring unit 38, a rotational angular velocity coordinate
transformer 42, a gravitational acceleration coordinate trans-
former 46, and an azimuth angle calculator 44.

The driving source controller 32 controls the driving
source 3 based on the rotation position control table 33 in
which the rotation amount of the shaft 20 is set. The rotation
position control table 33 is stored in a storage device that is
not shown.

The rotational angular velocity measuring unit 36 mea-
sures angular velocities detected by the angular velocity
sensor 26 within a predetermined time period as rotational
angular velocities w,, Wy, and wy. The rotational angular
velocities w,, wy, and wy are rotational angular velocity
components around the axial directions of the U, V, and W
axes. The gravitational acceleration measuring unit 38 mea-
sures gravitational accelerations g;,, g;, and g,;- detected by
the acceleration sensor 28. The gravitational accelerations
g: 81, and g5- are gravitational acceleration components in
the axial directions of the U, V, and W axes.

The rotational angular velocity coordinate transformer 42
coordinate-transforms the rotational angular velocities w,,
;. and o, measured by the rotational angular velocity
measuring unit 36 into rotational angular velocities my, ®y,
and w,. The gravitational acceleration coordinate trans-
former 46 coordinate-transforms the gravitational accelera-
tions g, g5, and g, measured by the gravitational accel-
eration measuring unit 38 into gravitational accelerations g,
gy and g

The azimuth angle calculator 44 calculates an azimuth
angle 1 based on the rotational angular velocities my, My,
and m, obtained by the rotational angular velocity coordi-
nate transformer 42 and the gravitational accelerations g,
gy, and g, obtained by the gravitational acceleration coor-
dinate transformer 46.

Rotation Position Control Table 33

Referring to FIG. 20, the rotation position control table 33
includes the order of directing the +y axis in the positive and
negative directions of the U, V, and W axes. Unlike the order
shown in FIG. 16, the +y axis starts from the +U axis in the
rotation starting position and is directed in the order of the
-U axis, +U axis, +V axis, -V axis, +V axis, +W axis, -W
axis, +W axis, and +U axis. The position of the shaft when
the +y axis coincides with the +U axis is the rotation starting
position (rotation angle=0 deg) for the shaft 20.

The rotational angular velocity w,, is obtained by calcu-
lating the difference between the rotational angular velocity
of the +U axis and the rotational angular velocity of the —-U
axis. The rotational angular velocity w,- and the rotational
angular velocity wy-are obtained in the same manner. In this
way, the inherent bias of the angular velocity sensor 26 is
canceled.

The reason why the rotational angular velocity of the +U
axis is measured twice, once each before and after measur-
ing the rotational angular velocity of the -U axis will be
described. The angular velocity output of the angular veloc-
ity sensor 26 includes an inherent offset of the angular
velocity sensor 26. The offset changes depending on opera-
tion conditions including temperature as well as drift. The
drift refers to a phenomenon in which the offset increases (or
decreases) over time. The direction detector 1 carries out
measurement for the +U axis twice before and after the
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measurement for the -U axis in order to obtain a change
ratio about the offset according to the drift. The drift is
removed from the measured angular velocity based on the
obtained change ratio. The measurement for the +V axis and
+W axis are also carried out twice for the same reason.

The rotational angular velocity of the +U axis is measured
first and the rotational angular velocity of the +U axis is
measured last also in order to remove the drift. At the end of
the measurement, the rotational angular velocity component
in the rotation starting position (+U axis) is measured, so
that a change ratio for the offset generated during the period
for the series of measurement necessary for obtaining the
azimuth angle 1 can be obtained.

In the rotation position control table 33, the rotation
position of the shaft 20 is the same as the rotation position
shown in FIG. 17. The rotation position refers to the rotation
angle of the shaft 20 necessary for directing the +y axis from
the rotation starting position to each axial direction.

The rotation amount refers to the rotation angle of the
shaft 20 when the +y axis is directed from the present axial
direction to the next axial direction. The sign of the rotation
amount indicates the rotation angle of the shaft 20. The sign
“+” indicates the counterclockwise direction as viewed in
the -X direction and the sign “-” indicates the clockwise
direction as viewed in the -X direction. For example, the
rotation amount of the —U axis is set to +720 deg. Therefore,
when the +y axis is moved from the +U axis to the -U axis,
the control device 30 rotates the shaft 20 by 720 deg
counterclockwise as viewed in the —X direction.

A control flag indicates whether the control device 30
rotates the shaft 20 by normal rotation control or excess
rotation control. The control flag being 0 indicates execution
of the normal rotation control and the control flag being 1
indicates execution of the excess rotation control. The
normal rotation control and the excess rotation control will
later be described in detail.

Basic Operation of Control Device 30

Basic operation carried out by the control device 30 to
direct the +y axis in each of the axial directions will be
described.

First, the operation of the control device 30 to carry out
the normal rotation control will be described by referring to
an example of how the +y axis is moved from the +U axis
to the —U axis. In the following description, unless otherwise
specified, the gravitational acceleration is measured simul-
taneously with the rotational angular velocity though the
measurement of the gravitational acceleration will not be
described.

Referring to FIG. 20, after the first measurement of the
rotational angular velocity of the +U axis, the control device
30 carries out the normal rotation control because the control
flag for the —U axis is set to 0. The normal rotation control
is processing to rotate the shaft 20 by a rotation amount set
in the rotation position control table 33. The control device
30 rotates the shaft 20 by the rotation amount (+720 deg) set
for the -U axis. As a result, the +y axis reaches the —-U axis
after passing the -W axis and the +V axis (see FIG. 14).

Now, the operation of the control device 30 to carry out
the excess rotation control will be described by referring to
an example of how the +y axis moves from +U axis to the
+V axis.

After the second measurement of the rotational angular
velocity of the +U axis, the control device 30 carries out the
excess rotation control and moves the +y axis from the +U
axis to the +V axis because the control flag for the +V axis
as the next measurement target is set to 1.

10

15

20

25

30

35

40

45

50

55

60

65

14

In the rotation position control table 33, +480 deg is set
as a rotation amount during movement from the +U axis to
the +V axis. The control device 30 adds a preset excess
amount (such as 40 deg) to +480 deg and produces +520
deg. The control device 30 rotates the shaft 20 by 520 deg
(excess rotation) in the counterclockwise direction as
viewed in the —X direction. Thereafter, the +y axis passes the
-W axis and the +V axis once (see FIG. 14). More specifi-
cally, the +y axis moves to the partway of the track R3
(between the +V axis and the -U axis) by the excess
rotation.

Thereafter, the control device 30 reversely rotates the
shaft 20 (which has been rotated +520 deg) by an excess
amount. More specifically, the control device 30 rotates the
shaft 20 by 40 deg clockwise as viewed in the -X direction.
The +y axis that has already passed the +V axis reversely
rotates to reversely follow the track R3 and reaches the +V
axis.

Now, the reason for carrying out the excess rotation
control will be described.

If for example only the normal rotation control is used
while the +y axis moves in the order of the +U axis, +V axis,
and -V axis, the control device 30 cannot correctly measure
the rotational angular velocity my.

FIG. 21 is a graph showing change in the angular velocity
detected by the angular velocity sensor 26 over time when
the normal rotation control is carried out while the +y axis
is moved from the +U axis to the +V axis and from the +V
axis to -V axis.

Referring to FIGS. 18, 20, and 21, when the +y axis
moves from the +U axis to the +V axis by the normal
rotation control, the control device 30 rotates the shaft 20 by
+480 deg. The +y axis reaches the +V axis while being
rotated around the +y axis by the rotation of the shaft 20. The
angular velocity sensor 26 outputs an angular velocity
associated with the rotation around the y-axis (hereinafter
referred to as the “moving angular velocity”) during the
movement of the +y axis.

The +y axis reaches the +V axis at time W. The rotation
direction around the +y axis immediately before reaching
the +V axis is counterclockwise and therefore the angular
velocity sensor 26 outputs a negative angular velocity before
time t11. The +y axis stops at the +V axis at time t11, and
thereafter the angular velocity output continues to increase.
This is because the moving angular velocity is included in
the angular velocity output even after the y axis stops
because of the effect of the time constant of the angular
velocity sensor 26.

The angular velocity output during a period immediately
after the +y axis stops at the +V axis (from time t11 to t12)
greatly changes by the effect of the time constant and is not
stable. In order to reduce the effect of the time constant, the
control device 30 measures the angular velocity output from
the angular velocity sensor 26 during a predetermined period
(from time t12 to t13) as a rotational angular velocity of the
+V axis. However, the effect of the time constant still
remains during the predetermined period, and therefore the
rotational angular velocity of the +V axis continues to
increase if only slightly. More specifically, the rotational
angular velocity of the +V axis includes an error associated
with the time constant that increases over time.

Thereafter, the shaft 20 rotates +720 deg and the +y axis
moves from the +V axis to the -V axis (from time t13 to
t14). Since the +y axis rotates clockwise around the +y axis
immediately before reaching the -V axis, the angular veloc-
ity sensor 26 outputs a positive angular velocity immediately
before time t14. The angular velocity output at time t14 at
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which the +y axis stops at the -V axis and thereafter
continues to decrease by the effect of the time constant.
Therefore, the rotational angular velocity of the -V axis
measured from time t15 to t16 includes an error associated
with the time constant that decreases over time. The char-
acteristic of the error associated with the time constant
included in the rotational angular velocity of the -V axis is
opposite to the characteristic of the error associated with the
time constant included in the rotational angular velocity of
the +V axis.

The rotational angular velocity ., of the +V axis and the
rotational angular velocity w,. of the -V axis can be
represented as follows.

O, =Wy g+ P4y

M

@

In the above expressions, ®y,s,. 1S @ true rotational
angular velocity of the +V axis free of the above-described
error and ®y. 5, 1S a true rotational angular velocity of the
-V axis. Wy, 1, and oy 5 have the same absolute value
and different signs. V is an offset. 8§, is the error associated
with the time constant included in the rotational angular
velocity m,,, of the +V axis. 9, is the error associated with
the time constant included in the rotational angular velocity
wy._. The rotational angular velocity w,- can be obtained by
subtracting Expression (2) from Expression (1). The offset is
canceled by the subtraction. Since the characteristic of the
error 9, associated with the time constant is however
reversed from the characteristic of the error §, associated
with the time constant, the error §, associated with the time
constant is not canceled by the error 81 associated with the
time constant by the above-described subtraction and is
conversely added to the error 81 associated with the time
constant. In this way, if the normal rotation control is used
for movement from the +U axis to the +V axis and from the
+V axis to the =V axis, the error associated with the time
constant increases. The control device 30 cannot measure
the rotational angular velocity w, correctly and cannot
detect true north correctly.

The control device 30 therefore carries out the excess
rotation control in order to reduce the error associated with
the time constant included in the rotational angular velocity
- when the +y axis is moved from the +U axis to the +V
axis. Note that the normal rotation control is carried out
when the +y axis moves from the +V axis to -V axis.

FIG. 22 is a graph showing change in the angular velocity
output of the angular velocity sensor 26 over time when the
excess rotation control is carried out for movement from the
+U axis to the +V axis and the normal rotation control is
used for movement from the +V axis to the -V axis.

The control device 30 rotates the shaft 20 by a rotation
amount obtained by adding an excess amount (40 deg) to
+720 deg (excess rotation). The +y axis passes the +V axis
once by the excess rotation and stops in the partway of the
track R3. When the +y axis stops in the partway of the track
R3, the rotation direction around the +y axis is counter-
clockwise.

The control device 30 then reversely rotates the shaft 20
by 40 deg and moves the +y axis to the +V axis. When the
shaft 20 is rotated clockwise as viewed in the —X direction,
the rotation direction around the +y axis is reversed from the
rotation direction shown in FIG. 18. Therefore, the rotation
direction around the +y axis immediately before the +y axis
reaches the +V axis is clockwise.

In this case, the angular velocity sensor 26 outputs a
positive moving angular velocity before time t21. The +y
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axis stops at the +V axis at time t21 and thereafter the
angular velocity output continues to decrease. As a result,
the error 81 associated with the time constant included in the
rotational angular velocity of the +V axis decreases over
time.

The +y axis moves from the +V axis to the -V axis by the
normal rotation control. Change in the angular velocity
output over time until the +y axis reaches the -V axis (until
time 125) and change in the angular velocity output over time
when the +y axis stops at the +V axis (at time t25 and
thereafter) are the same as change over time from time t14
and thereafter shown in FIG. 21. More specifically, the error
d, associated with the time constant included in the rota-
tional angular velocity of the -V axis decreases over time.

The error §, associated with the time constant included in
the rotational angular velocity of the +V axis has the same
characteristic as that of the error §, associated with the time
constant included in the rotational angular velocity of the -V
axis by the excess rotation control. Therefore, when Expres-
sion (2) is subtracted from Expression (1) in order to obtain
a rotational angular velocity w,- (rotational angular velocity
in the axial direction along the +V and -V directions), the
error 9, associated with the time constant is canceled by the
error d, associated with the time constant. Therefore, the
effect of the error associated with the time constant can be
reduced in the rotational angular velocity w,, so that the
detection accuracy for true north can be improved.

Now, a criterion for determining which movement of the
+y axis is subjected to the excess rotation control will be
described.

FIG. 23 is a table showing a relation between the rotation
direction of the shaft 20 and the signs of the U, V, and W
axes. Referring to FIG. 23, A indicates the signs of the U, V,
and W axes. The sign of the +U, +V, and +W axes is positive.
The sign of the -U, -V or —W axes is negative.

B indicates the rotation direction of the shaft 20 when the
shaft 20 is rotated based on the rotation position control table
33. When the shaft 20 is rotated clockwise as viewed in the
-X direction, B is set to the minus sign and when the shaft
20 is rotated counterclockwise as viewed in the —X direc-
tion, B is set to the plus sign.

AxB is a product of the sign (A) of the U, V, and W axes
and the sign (B) of the rotation direction of the shaft 20.
Hereinafter, AxB will be referred to as the “sign product” for
the ease of description. The sign product corresponds to the
rotation direction around the +y axis immediately before the
+y axis stops at each axis. When the sign product is positive,
the rotation direction around the y axis immediately before
stopping at each axis is counterclockwise. When the sign
product is negative, the rotation direction around the y-axis
immediately before stopping at each axis is clockwise.

When for example the +y axis moves from the +V axis to
the -V axis, the rotation direction of the +y axis immediately
before the +y axis stops at the -V axis is clockwise and
matches the rotation direction around the +y axis shown in
FIG. 18.

Whether movement of the +y axis is subjected to the
normal rotation control or the excess rotation control is
determined based on the sign product. More specifically, in
the excess rotation control, the shaft 20 is rotated to excess
by more than a rotation amount set in the rotation position
control table 33 and then reversely rotated and therefore the
time required for the excess rotation control is longer than
the time required for the normal rotation control. Therefore,
when the control device 30 measures a rotational angular
velocity of a certain axis, a target for the excess rotation
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control may be determined so that the normal rotation
control is carried out a larger number of times than the
excess rotation control.

For example, as for the V axis, the sign product AxB is
more often negative than positive. Therefore, the control
device 30 carries out the normal rotation control during
movement from the +V axis to the -V axis and from the -V
axis to the +V axis and the excess rotation control during
movement from the +U axis to the +V axis. The number of
times to carry out the excess rotation control is reduced, and
therefore the time required for measuring the rotational
angular velocity of each axis can be reduced.

As for the U axis, the sign product AxB is always negative
and as for the W axis, the sign product AxB is always
positive. Therefore, when the rotational angular velocities
., and m,, are measured, the control device 30 needs only
carry out the normal rotation control.

Alternatively, the target for the excess rotation control
may be determined so that the sign product is the same for
all the axes. In the sign products AxB shown in FIG. 23, the
positive numbers are less than the negative numbers. There-
fore, the excess rotation control may be carried out during
movement from +U axis to the —U axis, from -U axis to the
+U axis, from the +V axis to the =V axis, and from the -V
axis to the +V axis where the sign product AxB is set to
negative.

In this way, the control device 30 controls the attitude
changer 100 so that the angular velocity sensor 26 rotates in
a first rotation direction around the detection axis (+y axis)
by the normal rotation control before the angular velocity
sensor 26 starts to measure an angular velocity around a
predetermined measuring direction. The control device 30
controls the attitude changer 100 so that the angular velocity
sensor 26 rotates in a second rotation direction opposite to
the first rotation direction around the detection axis (+y axis)
and, thereafter, the angular velocity sensor 26 rotates in the
first rotation direction around the detection axis (+y axis) by
the excess rotation control before the angular velocity sensor
26 starts to measure an angular velocity around an opposite
direction to the predetermined measuring direction. In this
way, the error caused by the effect of the time constant
included in the output from the angular velocity sensor can
be reduced.

FIG. 24 is a graph showing measurement results of
rotational angular velocities using only the normal rotation
control and using the excess rotation control in addition to
the normal rotation control. The graph in FIG. 24 shows the
measurement results of the rotational angular velocities of
the axes in the order specified in the rotation position control
table 33 shown in FIG. 20.

The rotational angular velocities obtained by additionally
carrying out the excess rotation control as well are generally
smaller than the rotational angular velocities obtained by
carrying out only the normal rotation control. This is
because the error associated with the time constant is not
canceled only by the normal rotation control and added to
the rotational angular velocities while the error is canceled
by additionally carrying out the excess rotation control. As
can be understood, the use of the excess rotation control can
improve the measuring accuracy for the rotational angular
velocity.

Furthermore, variations in the rotational angular velocity
are reduced by additionally carrying out the excess rotation
control as compared to the case of carrying out only the
normal rotation control. The variations in the rotational
angular velocity are generated by the error associated with
the time constant. As can be understood, the error associated
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with the time constant is canceled by the excess rotation
control, so that the variations in the rotational angular
velocity are reduced.

Rotation Control of Shaft 20

FIG. 25 is a flowchart for illustrating the control device
30. Referring to FIG. 25, the control device 30 specifies the
next direction in which the +y axis is directed based on the
present position of the +y axis and the rotation position
control table 33 (step S1).

The control device 30 determines whether or not to carry
out the excess rotation control when the +y axis is moved to
the next axial direction (step S2). More specifically, the
control device 30 refers to the rotation position control table
33. The control device 30 carries out the normal rotation
control if the control flag for the next axial direction is set
to 0 (No in step S2) (step S3). For example, referring to FIG.
20, the control device 30 carries out the normal rotation
control if the next axial direction is along the -U axis, since
the control flag for the -U axis is set to 0.

On the other hand, if the control flag for the next axial
direction is set to 1 (Yes in step S2), the control device 30
carries out the excess rotation control (step S4). For
example, referring to FIG. 20, if the present position of the
+y axis is at the +U axis and the next stopping position is at
the +V axis, the control device 30 carries out the excess
rotation control since the control flag for the +V axis is set
to 1.

FIG. 26 is a flowchart for illustrating the normal rotation
control (step S3). Referring to FIG. 26, the control device 30
obtains a rotation amount corresponding to the next axial
direction from the rotation position control table 33 (step
S31) and sets the obtained rotation amount as a rotation
amount for the shaft 20 (step S32). The control device 30
outputs a pulse signal corresponding to the obtained rotation
amount to the driving source 3 (step S33). The rotation
amount of the shaft 20 reaches the set rotation amount (Yes
in step S34), the control device 30 ends the normal rotation
control.

FIG. 27 is a flowchart for illustrating the excess rotation
control (step S4). Referring to FIG. 27, the control device 30
obtains a rotation amount corresponding to the next stopping
position from the rotation position control table 33 (step
S41). The driving source controller 32 adds a preset excess
amount (40 deg) to the obtained rotation amount to set the
rotation amount of the shaft 20 to excess (step S42). If the
sign of the obtained rotation amount is positive, the rotation
amount of the shaft 20 is set by adding the excess rotation
amount to the obtained rotation amount. If the sign of the
obtained rotation amount is negative, the rotation amount of
the shaft 20 is set to excess by subtracting the excess rotation
amount from the obtained rotation amount.

The control device 30 outputs a pulse signal according to
the set rotation amount to the driving source 3 (step S43). In
this way, the +y axis passes the next axial direction once.

If the rotational movement amount of the shaft 20 reaches
the rotation amount set to excess (Yes in step S44), the
control device 30 sets the excess amount as the rotation
amount for the shaft 20 (step S45). The rotation direction is
set in an opposite direction based on the sign of the rotation
amount obtained in step S41. The control device 30 outputs
a pulse signal according to the set rotation amount to the
driving source 3 (step S46). The pulse signal continues to be
output to the driving source 3 until the rotation amount of the
shaft 20 reaches the set rotation amount (Yes in step S46).
In this way, the +y axis stops in the specified next axial
direction.
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As in the foregoing, the direction detector 1 carries out the
normal rotation control or the excess rotation control. In this
way, the rotation directions around the y-axis immediately
before the +y axis reaches the positive and negative direc-
tions of each of the U, V, and W axes can be matched. Since
the error associated with the time constant can be canceled
when the rotational angular velocities of the U, V, and W
axes are calculated, the detection accuracy for the azimuth
angle 1 can be improved.

According to the above-described embodiment, the
single-axis type direction detector 1 carries out the normal
rotation control and the excess rotation control but the
invention is not limited to this arrangement. A two-axis or
three-axis type direction detector may carry out the normal
rotation control and the excess rotation control.

For example, a three-axis type direction detector includ-
ing angular velocity sensors for X, Y, and 7Z axes may be
considered. The three-axis type direction detector measures
rotational angular velocities of +X and —X axes by rotating
the angular velocity sensor for X axis around the Y axis. At
the time, the angular velocity sensor for the Y axis rotates
around the Y axis. Therefore, depending on the order of
measuring for the +X axis, =X axis, +Y axis, and -Y axis,
the rotation direction of the angular velocity sensor for the
Y axis may be reversed between immediately before mea-
suring the rotational angular velocity of the +Y axis and
immediately before measuring the rotational angular veloc-
ity of the -Y axis.

In this case, the three-axis type direction detector may
carry out the excess rotation control before starting to
measure the rotational angular velocity of the +Y axis. In
this way, the rotation direction of the rotational angular
velocity sensor for the Y axis immediately before measuring
the rotational angular velocity of the +Y axis may be the
same as that immediately before measuring the rotational
angular velocity of the -Y axis, so that the measuring
accuracy for the rotational angular velocities in the Y-axis
direction can be improved.

According to the above-described embodiment, the func-
tional blocks of the control device 30 may be implemented
separately as one-chip devices by semiconductor devices
such as LSIs or as a one-chip device including part or all of
the blocks. The method of forming an integrated circuit is
not limited to that of LSIs and such a circuit may be
implemented by a dedicated circuit or a general-purpose
processor. An FPGA (Field Programmable Gate Array) that
can be programmed after an LSI is produced or a recon-
figurable processor that includes reconfigurable circuit cell
connection or setting in an LSI may be employed.

Processing by the above-described functional blocks may
be partly or entirely implemented by programs. The pro-
cessing by the functional blocks according to the embodi-
ment is partly or entirely carried out by a central processing
unit (CPU) in a computer. The programs used to carry out
the various kinds of processing are stored in a storage device
such as a hard disk and a ROM, read out from a ROM or to
a RAM and run. These programs may be provided as they
are stored on a storage medium such as a CD and a DVD.

The various kinds of processing according to the embodi-
ment may be implemented by hardware or software (includ-
ing implementation with an OS (Operating System), middle-
ware, or a predetermined library). Moreover, they may be
implemented by mixed processing using software and hard-
ware. It should be understood that if the control device 30
according to the embodiment is implemented by hardware,
timings must be adjusted for carrying out the various kinds
of processing. In the above-description of the embodiment,
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details of timing adjustment for various signals carried out
in actual hardware designing are not included for the ease of
description.

The embodiment of the present invention has been
described but the same is only exemplary illustration of how
the present invention is carried out. Therefore, the invention
is not limited by the description of the embodiment and
modifications may be made to the above-described embodi-
ment without departing the scope of the invention.

What is claimed is:

1. A direction detector, comprising:

an angular velocity sensor;

an attitude changer that rotates the angular velocity sensor
around a detection axis and changes an attitude of the
angular velocity sensor so that the detection axis is
directed in a predetermined measuring direction and an
opposite direction to the predetermined measuring
direction; and

a control device that controls the attitude changer,

the control device comprising:

a first controller that controls the attitude changer so that
the angular velocity sensor rotates in a first rotation
direction around the detection axis before the angular
velocity sensor starts to detect an angular velocity
around the predetermined measuring direction, and

a second controller that controls the attitude changer so
that the angular velocity sensor rotates in a second
rotation direction opposite to the first rotation direction
around the detection axis and, thereafter, the angular
velocity sensor rotates in the first rotation direction
around the detection axis before the angular velocity
sensor starts to detect an angular velocity around the
opposite direction.

2. The direction detector according to claim 1, wherein the
control device obtains a rotational angular velocity around
an axis along the predetermined measuring direction by
calculating a difference between an angular velocity around
the predetermined measuring direction detected by the angu-
lar velocity sensor and an angular velocity around the
opposite direction detected by the angular velocity sensor.

3. The direction detector according to claim 1, wherein the
attitude changer is provided in an XYZ rectangular coordi-
nate system,

the attitude changer comprises:

a shaft extending in an X-axis direction,

a rotation member provided rotatably around an axis
inclined at a deg with respect to the shaft, coupled to the
shaft, and having an xyz rectangular moving coordinate
system, the rotation member including a spherical
surface and an orbit portion formed around an x-axis of
the spherical surface,

a driving source controlled by the control device to rotate
the shaft around the X axis, and

a guide member fixed to the XYZ rectangular coordinate
system and in contact with the orbit portion,

the orbit portion has such a shape that an y axis of the
rotation member is sequentially directed in positive and
negative directions along a U axis, a V axis, and a W
axis crossing one another at intervals of 60 deg around
the X axis when the orbit portion rotates in contact with
the guide member by the rotation of the shaft, the orbit
portion having a zigzag shape including four mountain-
like portions raised in a positive direction of the x axis
and four valley-like portions raised in a negative direc-
tion,
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the angular velocity sensor is attached to the rotation
member so that the detection axis is directed along the
y axis, and

the opposite direction to the predetermined measuring
direction matches one of the U axis, the V axis, and the
W axis.

4. The direction detector according to claim 3, wherein
when the angular velocity sensor detects an angular velocity
around an axial direction of one of the U axis, the V axis, and
the W axis, the control device controls the attitude changer
so that the detection axis is directed in the positive direction,
the negative direction, and the positive direction of the one
axis in the mentioned order, and

when the angular velocity sensor detects an angular

velocity around the one axial direction, control by the
second controller is carried out a smaller number of
times than control by the first controller.

5. The direction detector according to claim 3, wherein
when the detection axis is directed in the positive direction
of one of the U axis, the V axis, and the W axis, the detection
axis has a plus sign, while when the detection axis is directed
in the negative direction of one of the U axis, the V axis, and
the W axis, the detection axis has a minus sign,

when the shaft rotates clockwise as viewed from a front

of the direction detector, the rotation direction of the
shaft has a plus sign, while when the shaft rotates
counterclockwise, the rotation direction of the shaft has
a minus sign, and

when the detection axis is directed in the positive direc-

tion and the negative direction of the one axis, whether
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or not to control the attitude changer by the first
controller is determined based on a product of the sign
of the detection axis and the sign of the rotation
direction.
6. A control program product for a computer provided in
a direction detector comprising an angular velocity sensor
that detects an angular velocity around a detection axis and
an attitude changer that rotates the angular velocity sensor
around the detection axis and changes an attitude of the
angular velocity sensor so that the detection axis is directed
in a predetermined measuring direction and an opposite
direction to the predetermined measuring direction,
the control program product allowing the computer to
perform the steps of:
controlling the attitude changer so that the angular veloc-
ity sensor rotates in a first rotation direction around the
detection axis before the angular velocity sensor starts
to detect an angular velocity around the predetermined
measuring direction; and
controlling the attitude changer so that the angular veloc-
ity sensor is rotated in a second rotation direction
opposite to the first rotation direction around the detec-
tion axis and, thereafter, the angular velocity sensor is
rotated in the first rotation direction around the detec-
tion axis before the angular velocity sensor starts to
detect an angular velocity around the opposite direc-
tion.



